effect of H,O, originating from microglial cells has also been reported (ThCry et al., 1991) .
As generally accepted, the enzymes catalase (H,O, oxidoreductase: EC 1.11.1.6) and glutathione peroxidase (H,O, glutathione oxidoreductase: EC 1.11.1.9) participate in the cellular defense against H,O, (Buckman et al., 1993; Makar et al., 1994; Makino et al., 1994) . However, little is known about the cellular distribution (i.e., neurons vs astrocytes) of these enzymatic activities and, therefore, about the putative role of astrocytes in the modulation of the neurotoxic effect of H,O,. In the present study using cultured cells from the striatum of mouse embryos, we demonstrate that astrocytes protect neurons against H,O, toxicity. with glucose (33 mM). Cells were plated on 24-well NUNC culture dishes (4 X lo5 cells per well containing 0.5 ml of medium; Roskilde, Denmark) previously and successively coated with poly-Lornithine (15 &ml, M, 40 kDa) and the culture medium containing 10% fetal calf serum. After the removal of the last coating solution, cells were seeded in a serum-free medium consisting of a 1:l mixture of DMEM and Ham's F12 nutrient, supplemented with glucose (33 mM), glutamine (2 mM), NaHCO, (13 mM), HEPES buffer (5 mM, pH 7.4), penicillinstreptomycin (5 IU/ml and 5 &ml, respectively) and a mixture of salt and hormones containing insulin (25 &ml), transferrin (100 Fg/ml), progesterone (20 nM), putrescine (60 PM), and sodium selenite (Na,SeO,; 30 IIMj. Cells were cultured at 37°C in a humidified atmosphere of 92% air and 8% CO,. After 6-7 d under these conditions, cells were immunocytochemically defined according to El Etr et al. (1989) as purified neurons devoid of detectable glial elements. Primary cultures of striatal astrocytes. Primary cultures of striatal astrocytes were prepared as described previously (El Etr et al., 1989) . Dissociated cells from striata were plated on 100 mm NUNC petri dishes (6 X 10" cells per dish) previously coated with poly-L-ornithine (1.5 pg/ml). The culture medium consisted of a 1:l mixture of Minimal Essential Medium (MEM) and Ham's F12 nutrient, supplemented with glucose (33 mM), glutamine (2 mM), NaHCO, (13 mM), HEPES buffer (5 mM, pH 7.4), and 10% NU-Serum.
MATERIALS AND METHODS

Materials
After 7 d in vitro, the culture medium was changed, and cytosine arabinoside (5 PM) was added for 48 hr to prevent the formation of cell multilayers and the proliferation of microglial cells. Thereafter, the culture medium was changed every 3 d. Under these conditions, after 21 d in vitro, >95% of the cells were immunostained against GFAP.
Remaining cells (5%) could be immature glioblasts or 02A progenitors, which are known to be unlabeled by GFAP antibodies (Eng, 1985 As previously observed with cultured cortical neurons (ThCry et al., 1991; Whittemore et al., 1994 ) the 30 min exposure of striatal neurons to H,O, led to a concentration-dependent (10-1000 PM) decrease of cell viability as estimated 24 hr later. The potency and efficacy of the H,O,-induced toxicity were identical, regardless of the method used to estimate the neuronal survival of pure culture of striatal neurons [i.e., MTT assay or an ELISA with antibodies directed against an antigen located in neurons (MAP-2)]
( Fig. 1) . After a 30 min exposure to 100 PM H,O,, the neuronal survival was 45 2 7% of the control (mean 2 SD obtained from 24 independent experiments performed in triplicate). Increasing the time of exposure of the striatal neurons to 100 PM H,O, progressively decreased the cell viability as estimated 24 hr later (Fig. 1 ).
The toxic effect of 100 PM H,O, was totally prevented by catalase (200 II-J/ml) or glutathione peroxidase (5 IU/ml in the presence of 500 PM reduced glutathione), but not by superoxide dismutase (500 IU/ml) ( Table 1) H,O, has been shown to increase the release of D-['Hlaspartate from cortical synaptosomes (Gilman et al., 1994) . Therefore, the neurotoxic effect of H,O, could indirectly be mediated by an excitotoxic amino acid. However, in contrast to that observed with 12-d-old neurons (Marin et al., 1994 ) the 30 min exposure of 6-d-old striatal neurons (identical to those used in the present study) to glutamate (up to 200 pM) induced <15% of cell death as estimated 24 hr later (our unpublished observations). Moreover, the H,O,-induced neurotoxicity was not prevented by the glutamate ionotropic receptor antagonists APV (1 mM) and DNQX (10 PM) (Table 2 ).
Respective roles of catalase and glutathione peroxidase in the modulation of the H,O,-induced neurotoxicity Enzymatic and nonenzymatic processes can contribute to the degradation of HzO,. Catalase and glutathione peroxidase are responsible for the enzymatic clearance of H,O, (Coyle and Puttfarcken, 1993; Makino et al., 1994) . Therefore, the ability of striatal neurons to remove H,O, and the respective roles of these enzymes in this process were successively determined.
Cultured striatal neurons (4 X lo5 cells seeded per well corresponding to -20 pg proteins) were preincubated for increasing times with 100 PM HzO,. The incubating medium corresponding to each incubating period was then transferred onto other striatal neurons for an additional 30 min incubation. In each case, the cell survival of this second neuronal culture was then estimated 24 hr later. In fact, increasing the preincubation time of neurons in the presence of H,O, decreased the neurotoxic effect of the corresponding conditioned media (Fig. 2) , probably reflecting a decline in the extracellular level of the oxidant. Indeed, the concentration of H,O, remaining in each conditioned medium progressively decreased with increasing preincubation times, demonstrating the clearance of extracellular H,O, by neurons ( Fig. 2 ). It must be noted that the spontaneous degradation rate of 100 PM H,O, in the incubation buffer was <l% after 1 hr at 37°C.
As estimated after a 15 min preincubation, the capacity of striatal neurons to remove external H,O, (100 pM) was 46 ? 6 nmoles/mg protein/min (mean value 2 SD of three independent experiments performed in triplicate).
The effects of inhibitors of catalase or glutathione peroxidase were then examined to distinguish the respective contributions of these hydrogen peroxidase activities in the clearance of HzO,. ATZ has been shown to irreversibly inactivate catalase (Schonbaum and Chance, 1976) . Because specific inhibitors of glutathione peroxidase are not yet available, DEM is generally used to indirectly decrease the activity of glutathione peroxidase. In fact, DEM depletes glutathione from the cells via a reaction catalyzed et al., 1981; Meister, 1988) . As expected, 0.3 mM DEM did not directly inhibit the activity of glutathione peroxidase in homogenates of striatal neurons (Table 3 ), but effectively decreased by 70% the neuronal content of glutathione (Table 3 ). In addition, we verified that 5 mM ATZ did inhibit (by 86%) the activity of catalase in neuronal homogenates and altered neither the activity of glutathione peroxidase nor the neuronal content of glutathione (Table 3) The neurotoxicity of increasing concentrations of H,O, was estimated in the absence or presence of either 5 mM ATZ or 0.3 mM DEM. The inhibition of glutathione peroxidase by DEM increased the H,O, toxicity. Indeed, after a 30 min incubation of neurons with 10 PM H,O,, no significant cell death was observed, whereas in DEM-treated neurons, a 35% decrease in the cell viability was detected (Fig. 2) . In addition, DEM enhanced the neurotoxicity induced by higher concentrations of H,O, (up to 100 PM) (Fig. 2) . On the contrary, even in the presence of DEM, ATZ did not alter the H,O,-induced neurotoxicity ( Therefore, in our culture conditions, the neuronal defense against H,O, toxicity appears to be mediated primarily by glutathione peroxidase. This conclusion was further confirmed by experiments in which H,O, was endogenously produced using menadione (2-methyl-1,4-naphthoquinone). Indeed, via the redox cycling of quinonoid drugs, menadione leads to the formation of superoxide anions whose enzymatic or spontane- When not visible, the sizes of the error bars are less than those of the symbols. , 1982; White and Clark, 1988) . In fact, a 30 min incubation of striatal neurons with increasing concentrations of menadione induced a progressive cell death (Fig. 3) . Consistent with the major role of glutathione peroxidase, when menadione was used at its threshold effective concentration (20 PM), its neurotoxic effect was unmasked in the presence of 0.3 mM DEM, and an accumulation of H,O, was detected in the extracellular medium (Fig. 4) . This latter observation probably reflects the occurrence of an important intracellular production of H,O, taking into account the very high difference between the intraand extracellular volumes. In contrast, 5 mM ATZ neither significantly unmasked the neurotoxic effect of the threshold concentration of menadione nor induced any H,O, accumulation in the extracellular medium (Fig. 4) .
Protective role of striatal astrocytes against H,O,-induced neurotoxicity To look for a putative neuroprotective role of astrocytes against H,O,, the neurotoxicity of H,O, was assessed using astrocytoneuronal cocultures. Preliminary experiments indicated that the viability of striatal astrocytes is not affected 24 hr after a 1 hr exposure of these cells to H,O, (up to 1 mM) (not shown).
In striatal cocultures, the neuronal survival was determined using an ELISA with antibodies directed against an antigen selectively located in neurons (MAP-2). Compared with that observed on a pure neuronal population, the neurotoxic effects of 30 and 100 PM H,O, were respectively suppressed and markedly decreased in astrocytoneuronal cocultures made up of 5 X lo4 astrocytes per 4 X lo5 neurons plated per well (Fig. 5) .
The protective effect of astrocytes depended on their seeding density (Table 4) . Under the culture conditions used, -40% of the seeded neurons died during the first 6 d in culture (Birman et al., 1989) . It can thus be calculated that a significant neuroprotection is detectable for 1 astrocyte to -20 neurons (1:20) present at the time of the experiment ( did not seem to protect each other because the toxic effect of 100 PM H,O, was not significantly changed at any neuronal seeding density tested (2-6 x lo5 cells per well) (Table 4) . Further revealing the prominent protective role of astrocytes, the neurotoxic effect of astrocytic-conditioned media, obtained by preincubating 100 PM H,Oz with astrocytes (5 X lo4 cells per well corresponding to 6 pg proteins), rapidly decreased when these cells were preincubated for increasing times (Fig. 6 ). This probably reflects the clearance of H,O, by astrocytes, as indicated by the concomitant decrease of H,O, concentrations in the conditioned media (Fig. 6) . When the neurotoxic effects of the concentrations of H,O, remaining in the astrocytic-conditioned media were compared with those induced by various concentrations of H,O, directly added to neurons, no significant difference could be observed (Fig. 6 ). This suggests that the protective effect of astrocytes is mainly related to their intrinsic capacity to remove H,O, and not to a possible release of compounds that could protect neurons against H,O,-induced toxicity To confirm the latter conclusion, we tested the neurotoxic effects of increasing concentrations of H,O, added to three different incubating media: (1) the fresh incubating standard buffer; (2) a conditioned medium obtained by preincubating astrocytes with 100 PM H,O, for 2 hr to completely remove the oxidant (the remaining H,O, concentration was ~1 PM); and (3) a medium conditioned with astrocytes for 2 hr without H,O, (Fig. 7) . If astrocytes released a neuroprotective compound either spontaneously or in the presence of H,O,, the neurotoxic effect of H,O, should be decreased when tested in an astrocytic-conditioned medium. As shown in Figure 7 , this was not the case, and this further supports the conclusion that the neuroprotective effect of astrocytes is mainly attributable to their capacity to clear external HA As estimated at the end of a 15 min incubation, the capacity of striatal astrocytes (5 X lo4 per well) to remove external H,O, (100 PM) was 317 ? 27 nmoles/mg protein/min (mean + SD of three independent experiments performed in triplicate), which is ap- April 15, 1996, 76(8) This observation is in accordance with the higher activities of catalase and glutathione peroxidase in homogenates from astrocytes than from neurons (Table 3) . Indeed, these enzymatic activities were 45fold higher in astrocytic than in neuronal homogenates, but this may not reflect the hydrogen peroxidase activities in the living cells. In fact, the content of glutathione was approximately twofold lower in astrocytes than in neurons (Table  3) to the different compositions of the media used for the astrocytic and neuronal cultures. Supporting this statement, when astrocytes were cultured for the last 6 d in a medium similar to that of neurons, their content in glutathione increased, reaching a value (43 nmoles/mg protein) higher than that of neurons. Nevertheless, the activities of catalase and glutathione peroxidase in homoge- nates from these astrocytes did not significantly change (21.3 ? 1.9 min-' * mg-' protein and 104 k 1 nmol H,OJmin/mg protein, respectively). Finally, as expected, when astrocytes were cultured in the neuronal medium, the inhibiting effect of DEM pretreatment on their capacity to clear extracellular H,O, was increased, but it still remained significantly lower than that of ATZ (not shown).
Respective roles of catalase and glutathione peroxidase in the protective effects of astrocytes against the H,O,-induced neurotoxicity The respective contributions of catalase and glutathione peroxidase in the capacity of striatal astrocytes to clear H,O, from the extracellular medium were determined using a pharmacological strategy similar to that selected for neurons. Indeed, 5 mM ATZ induced a 91% inhibition of catalase activity in the astrocytic homogenates, but modified neither the activity of glutathione peroxidase nor the cell content of glutathione (Table 3 ). In addition, 0.3 mM DEM did not significantly alter the activity of glutathione peroxidase, but it decreased the astrocytic content of glutathione by 83% (Table 3) .
The viability of striatal neurons was only slightly reduced when these cells were exposed for 30 min to a conditioned medium obtained by preincubating for 4.5 min astrocytes with 100 PM H,O, (Fig. 8) . However, when astrocytes were pretreated with 5 . Conditioned media were then collected, and remaining H,O, concentrations were estimated in each experimental condition. *p < 0.05; significantly different from the value determined in the presence of H,O, and in the absence of inhibitors (ANOVA followed by Dunnett's test). Data are the mean 5 SEM of three independent experiments performed in triplicate. mM ATZ, the neurotoxic effect of the astrocytic-conditioned medium was largely increased (Fig. 8) . Additional experiments in which the remaining concentrations of H,O, were estimated after a 4.5 min incubation of the astrocytes initially exposed to 100 PM H,O, further supported this conclusion. Indeed, 5 mM ATZ strongly decreased the clearance of H,O, by astrocytes, whereas only a slight effect could be observed with the glutathione peroxidase inhibitor DEM (Fig. 8) . Together, these results suggest that most of the hydrogen peroxidase activity in astrocytes is attributable to catalase, in the culture conditions used. DISCUSSION H,O, originates from the enzymatic or spontaneous dismutation of superoxide anions, which are the byproducts of a wide and ubiquitous variety of oxidases (Cross and Jones, 1991) . H,O, has been known for a long time to be toxic for numerous cell types (Rim and Kim, 1991; Byler et al., 1994; Cantoni et al., 1994; Clapp et al., 1994) . Because of its high membrane permeability (Halliwell, 1992; Makino et al., 1994) intracellularly formed H,O, could induce its deleterious effects not only within its cell of origin, but also in neighboring cells. Recent reports indicate that neurons are particularly vulnerable to this mild oxidizing agent (ThCry et al., 1991; Buckman et al., 1993; Behl et al., 1994; Whittemore et al., 1994) . Because astrocytes contain high concentrations of antioxidant/antioxidant enzymes (Raps et al., 1989; Sagara et al., 1993; Makar et al., 1994) , these cells could protect neurons from oxidative stress. This was demonstrated in the present study using cultured astrocytes and neurons from the mouse striatum. Indeed, because of their high hydrogen peroxidase activity, astrocytes were shown to protect neurons against the toxicity of exogenous H,O,.
H,O, induced the cell death of cultured striatal neurons in a range of concentrations similar to that observed for neurons from the cerebral cortex (ThCry et al., 1991; Whittemore et al., 1994) . In our experimental conditions, when applied onto a pure culture of striatal neurons, 100 pM H,O, induced an -55% decrease in the survival of these cells. However, at the same concentration, H,O, was almost devoid of neurotoxic effect on striatal neurons cocultured for 24 hr with astrocytes. This neuroprotective effect of astrocytes was observed for concentrations of H, O, that can be reached during reperfusion of the ischemic rat striaturn (Hyslop et al., 199.5) and it could be estimated that only one astrocyte has the capacity to significantly protect 20 neurons against the toxicity induced by the 30 min application of 100 FM H,O,. As expected, this prominent astrocytic neuroprotection increased with the astrocyteslneurons ratio. Several observations suggest that astrocytes protect neurons mainly by removing H,O, from the external medium and not by releasing a possible neuroprotective compound.
(1) The clearance capacity of astrocytes for H,O, is particularly high because the rate of H,O, disappearance from the astrocytic extracellular medium was sevenfold higher than from the neuronal incubating medium. (2) The attenuation of the toxic effects of the astrocyticconditioned media observed when astrocytes were incubated for increasing times with 100 PM H,O, was in perfect correlation with the expected toxicity of the respective remaining concentrations of the oxidant. (3) Finally, the neurotoxic effects of various concentrations of H,O, directly added to the striatal neurons were identical when they were tested using either a fresh unconditioned medium or astrocytic-conditioned media. Catalase seems to be the main hydrogen peroxidase activity involved in the neuroprotective effect of astrocytes. Indeed, the inhibition of this enzyme, but not that of glutathione peroxidase, reduced the rate of H,O, degradation by astrocytes. In addition, as estimated in cell homogenates, the activity of catalase was 4.5-fold higher in astrocytes than in neurons.
The size and shape of astrocytes could facilitate the catalaseinduced degradation of H,O, by these cells. Indeed, in contrast to the neuronal cell bodies, which are small and rather spherical, astrocytes are much larger and spread out, forming a thin monolayer. Therefore, because of the surface/volume ratio, which is much higher for astrocytes than for neurons, H,O, should more rapidly diffuse into astrocytes and thus reach a higher concentration in these cells than in neurons. Moreover, because H,O, decomposition by catalase is a first-order reaction, the rate of H,O, disappearance is always proportional to the concentration of H,O, in the cell (Aebi, 1984) . Hence, the degradation of H,O, by catalase should be further enhanced in astrocytes than in neurons. Finally, according to Harris and Rosenberg (1993) , a physical sequestering of sensitive neuronal regions by astrocytes may facilitate the protection of neurons against glutamate toxicity. If such a cellular organization also occurs in our astrocytoneuronal cocultures, this should further reinforce the capacity of astrocytes to protect neurons.
As observed with catalase, the activity of glutathione peroxidase was also 4.5fold higher in astrocytic than in neuronal homogenates. Nevertheless, the depletion of glutathione by the DEM pretreatment did not significantly alter the rate of H,O, degradation by astrocytes. This apparent contradiction may result from the particular kinetic characteristics of glutathione peroxidase, which can be saturated by H,O, but not by glutathione (Wendel, 1981) . According to Makino et al. (1994) in fibroblasts, the activity of glutathione peroxidase is close to saturation at 100 FM H,O,, the concentration used in most of our experiments. Therefore, in our experimental conditions, the rate of H,O, degradation by glutathione peroxidase should be more dependent on the concentration of glutathione than on that of H,O,. Interestingly, in our culture conditions, the content of glutathione in astrocytes was approximately twofold lower than that found in neurons. This could explain, at least partially, why the DEM-induced depletion of glutathione had a lower impact on the rate of H,O, degradation by glutathione peroxidase in astrocytes than in neurons. Interestingly, when astrocytes were cultured in the neuronal medium for the last 6 d, their content in glutathione reached the same range of that found in neurons, but the activities of catalase and glutathione peroxidase in these cells did not change. In this condition, the inhibitory effect of DEM on H,O, degradation was substantial, but nevertheless, it remained lower than that of ATZ and thus catalase was still the main hydrogen peroxidase involved in the degradation of H,O, by astrocytes. However, the latter observations suggest that modifications in the astrocyte environment can influence their glutathione content and therefore their protective effect against the H,O,-induced neurotoxicity.
In contrast to that found with astrocytes, glutathione peroxidase appears to be the main hydrogen peroxidase activity involved in the neuronal defense against H,O, toxicity. Indeed, the inhibition of the activity of glutathione peroxidase, but not that of catalase, strongly aggravated the toxicity of H,O,, the oxidant being either added to the incubation medium or endogenously produced from menadione metabolism. Moreover, when neurons were incubated with menadione, H,O, accumulated into the incubation medium only after the inhibition of glutathione peroxidase. Therefore, this enzymatic activity very likely ensures the protection of each neuron by reducing its intracellular concentration of H,O,. However, when compared with astrocytes, the much lower (sevenfold) capacity of neurons to clear H,O, from the external medium suggests that the neuronal activity of glutathione peroxidase is too low to reduce to a large extent the extracellular concentration of added H,O, and thus to protect neighboring neurons. This interpretation is also supported by additional results indicating that the H,O,-induced neurotoxicity is not affected when the neuronal density is increased.
Because catalase follows first-order reaction kinetics, its marginal contribution to the neuronal protection against H,O, could indicate that the intracellular concentration of H,O, in neurons is maintained at a low level in the experimental conditions used. This could result from the high content of glutathione in neurons, which leads to a higher rate of H,O, degradation by glutathione peroxidase. The respective subcellular locations of catalase and glutathione peroxidase could reinforce this process. Indeed, glutathione peroxidase is located in cytosol and in mitochondria (FlohC and Schlegel, 1971) , whereas catalase is located predominantly in peroxisomes (Gaunt and DeDuve, 1976) . Therefore, in neurons, the interaction of H,O, with glutathione peroxidase and glutathione very likely may intervene before the interaction with catalase. However, because of the flat shape of astrocytes, the consequences of this enzymatic subcellular compartmentalization should be more limited in these cells.
Despite the prominent protecting roles of catalase and glutathione peroxidase in astrocytes and in neurons, respectively, the simultaneous inhibition of these hydrogen peroxidase activities did not completely suppress the clearance of H,O, in either cell type. Therefore, a nonenzymatic process, such as the Fenton reaction (Fenton, 1894) , could also contribute to the disappearance of H,O,. Indeed, this reaction leads to the formation of hydroxyl radicals, which are probably responsible for the neurotoxic effects of H,O, (Olanow, 1993) .
In conclusion, our results demonstrate the protective role of astrocytes against H,O, neurotoxicity. This provides an additional example of the neuroprotective properties of astrocytes. For instance, astrocytes have already been shown to protect neurons against glutamate toxicity (Rosenberg and Aizenman, 1989) . In both cases, the protecting effect of astrocytes is linked to their capacity to remove the compound responsible for the neuronal death from the extracellular space (Rosenberg, 1991; Dugan et al., 1995) . As proposed by Harris and Rosenberg (1993) based on experiments performed with glutamate, the cellular organization should be of particular importance because astrocytes form a physical buffer allowing the interception of H,O, before its interaction with neurons.
Because of their neuroprotective effect against H,O,, astrocytes could delay neurodegenerative processes such as Parkinson's disease and Alzheimer's disease, in which H,O, has been, at least partially, demonstrated to be involved. Indeed, as proposed previously (Olanow, 1993) as a result of dopamine oxidation by monoamine oxidase, H,O, could be generated within the nigrostriatal dopaminergic neurons whose degeneration is responsible mainly for Parkinson's disease. Astrocytes could also contribute to the development of Alzheimer's disease because H,O, is an important intermediate in the /3-amyloid protein-induced neurotoxicity (Behl et al., 1994 
